Atom Nano-lithography with Multi-layer Light Masks: 
Particle Òptics Analysis 
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We study the focusing of àtoms by múltiple layers of standing light waves in the context of 
atom lithography. In particular, atòmic localization by a double-layer light mask is examined using 
the optimal squeezing approach. Operation of the focusing setup is analyzed both in the paraxial 
approximation and in the regime of nonlinear spatial squeezing for the thin-thin as well as thin- 
thick atom Iens combinations. It is shown that the optimized double light mask may considerably 
reduce the imaging problems, improve the quality of focusing and enhance the contrast ratio of the 
deposited structures. 

PACS number(s): 03.75.Be, 32.80.Lg, 42.82.Cr, 03.65.Sq 



I. INTRODUCTION 

Since the early realization of sub-micron atom lithog- 
raphy [1], the subject of focusing neutral àtoms by use 
of light fields continues to attract a great deal of atten- 
tion. The bàsic principio of atom lithography relies on 
the possibility of concentrating the atòmic flux in space 
utilizing a spatially modulated atom-light interaction. In 
the conventional atom-lithographic schemes, a standing 
wave (SW) of light is used as a mask on àtoms to concen- 
trate the atòmic flux periodically and create desired pat- 
terns at the nanometer scale [2] . The technique has been 
applicd to many atomic-species in one [3-11] as well as 
two-dimensional [12] pattern formations. There are two 
ways to focus a parallel beam of àtoms by light masks 
in close correspondence with conventional òptics. In the 
thin-lens approach, àtoms are focused outside the region 
of light field which happens for low intensity light beams. 
On the other hand, the àtoms can be focused within the 
light beam when its intensity is high. This is known as 
thick-lens regime and is very similar to the graded-indcx 
Iens of traditional òptics. The làser focusing of àtoms 
depends on parameters such as thickness of light beam, 
velocity spread of àtoms, detuning of làser frequency from 
the atòmic transition freqüències, etc,. Experimentally, 
atòmic nanostructures have been reported with sodium 
[1,5], chromium [6,7], aluminium [8], ccsium [9], ytter- 
bium [10], and iron [11] àtoms. 

Most of the theoretical studies on atom lithography 
cmploy a particle òptics approach to làser focusing of 
àtoms [3,4,13]. The classical trajectòries of àtoms in the 
potentials induced by light fields suffice to study the fo- 
cal properties of light Iens. In the case of direct laser- 
guided atom deposition, the diffraction resolution limit 
will be ultimately determined by the de Broglie wave- 
length of àtoms, and may reach several picometers for 
typical atòmic beams [14]. In practice, however, this 
limit has never been relevant because of the surface dif- 
fusion process, the quality of the atòmic beam, and se- 
vere aberrations due to anharmonicity of the sinusoidal 



dipole potential. As a result, all current atom lithog- 
raphy schemes suffer from a considerable background in 
the deposited structures. A possible way to overcome 
the aberration problem was suggested in [15], by using 
nanofabricated mechanical masks that block àtoms pass- 
ing far from the minima of the dipole potential. However, 
this complicates considerably the setup and reduces the 
deposition rate. Therefore, there is a considerable need 
in a pure atom òptics solution for the enhanced focusing 
of an atòmic beam having a significant angular spread. 

In paraxial approximation, the steady-state propaga- 
tion of an atòmic beam through a standing light wave is 
closely connected to the problem of the time-dependent 
lateral motion of àtoms subject to a spatially periòdic po- 
tential of an optical lattice. From this point of view, en- 
hanced focusing of the atòmic beam can be considered as 
a squeezing process on àtoms in the optical lattice. In re- 
cent work [16], novel squeezing technique has been intro- 
duced for àtoms in a pulsed optical lattice. The approach 
considered a time modulation of the SW with a series of 
short làser pulses. Based on specially designed aperiodic 
sequence of pulses, it has been shown that àtoms can 
be squeezed to the minima of the light-induced potential 
with reduced background level. Oskay et al. [17] have 
verified this proposal experimentally using Cs àtoms in 
an optical lattice. In Refs. [16,17], the àtoms were loaded 
into the optical lattice and the dynamics of àtoms along 
the direction of SW was studied as a time-dependent 
problem. The aim of the present work is to extend the 
focusing scenario of Ref. [16] to the beam configuration 
cmployed for atòmic nanofabrication. We generalize the 
results on atòmic squeezing in the pulsed SW to a system 
involving the atomic-beam traversing several layers of 
light masks. In particular, we will investigate prospeets 
for reducing spherical and chromatic aberrations in atom 
focusing with double-layer light masks. High-resolution 
deposition of chromium àtoms will be considered as an 
example. 

The plan of the paper is as follows. In Sec. II, the 
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bàsic framework of the problcm is defined and the linear 
focusing of àtoms by a double-layer light mask is studicd 
using the particle òptics approach in paraxial approxi- 
mation. In Sec. III, we examine the optimal squeezing 
scheme of [16] in application to the atomic-beam travers- 
ing two layers of light masks. The cffects of beam colli- 
mation and chromatic aberrations are considered in Sec. 
IV. Here, we optimize the double Iens performance and 
give parameters for the minimum spot-size in the atom 
dcposition. Finally, in Sec. V, we summarize our main 
results. 



II. SQUEEZING OF ÀTOMS BY MULTI-LAYER 
LIGHT MASKS - CLASSICAL TREATMENT 

The focusing property of a single SW light has been 
studied in great details by McClelland et al. [4,6]. The 
light acts like an array of cylindrical lenses for the inci- 
dent atòmic beam, focusing the àtoms into a grating on 
the substrate. However, because of the non-parabolic na- 
ture of the light-induced potential, the focusing of àtoms 
is subject to spherical aberrations giving a finite width 
to the deposited features [4]. A doublet of light masks 
made from two standing light waves may, in principio, 
reduce the focusing imperfections due to a clear physical 
mechanism. In this configuration, the first SW prefocuses 
the àtoms towards the minima of the sinusoidal poten- 
tial. Whcn the pre-focused àtoms cross the second SW, 
they see closely the parabòlic part of the potential which 
should result in a reduction of the over-all spherical aber- 
rations. 

To test this scheme, we consider the propagation of an 
atomic-beam through a combination of two SWs formed 
by counter-propagating làser beams. The two SWs are 
idcntical except for their intensities and are assumed to 
be formed along the x-direction. Àtoms are described as 
two-level systems with transition frequency u) a . We take 
the direction of propagation of àtoms through the SW 
ficlds along the z-direction. If the àtoms move sufhciently 
slow (adiabatic conditions) through the light fields, the 
infernal variables of àtoms maintain a steady state dur- 
ing propagation [18]. In this approximation, the àtoms 
can be described as point-like partides moving under the 
influence of an average dipole-force. The potential energy 
of interaction is given by [13,19] 



U(x,z) = ^ ln[l +p(x,z)} , 



where 



p(x,z) = 



I{x,z) 



7 2 + 4A 2 I s 



(1) 



(2) 



In Eq. (2), A is the detuning of the làser frequency from 
the atòmic resonance, I(x, z) is the light intensity, 7 is 



I(x,z) 




FIG. 1. Schcmatic representation of the làser focusing 
of àtoms by a double layer of Gaussian standing waves. 
The intensity profile shows the Gaussian envelopes along 
the z-axis and the sinusoidal variations along the x-axis. 

the spontaneous decay rate of excited level, and I s is the 
saturation intensity associated with the atòmic transi- 
tion. For the arrangcment of two SW light masks (dc- 
noted by 1 and 2) with separation S between them, the 
net intensity profile of light is given by 



I{x,z) 



h exp(-2z 2 /a z 2 ) + I 2 cxp(-2(z - Sf/a 2 z ) 
x sin 2 (fca;) . (3) 



Here, a z is the 1/e 2 radius and A = 2-ïï/k is the wave- 
lcngth of làser beams forming the SWs. We consider 
Gaussian intensity profiles and ignore any y-dependence 
of làser intensities as the force on àtoms along the y- 
direction is negligible compared to that along the direc- 
tion of SW (x-axis). I\ and I2 denote the maximum 
intensity of the standing light waves 1 and 2, respec- 
tively. We neglect the overlap and interferenec between 
two SWs. The intensity profile of light and the focusing 
of àtoms by light fields are shown schematically in Fig. 
1. 

The classical trajectòries of àtoms in the potential (1) 
induced by the double-layer light masks obey the New- 
ton's equations of motions : 



fx 
dt 2 



1 dU{x,z) 
m dx 



= 



fz 
dt 2 



1 dU(x,z) 
m dz 



= . (4) 



Using the conservation of energy, we can combine the 
above two equations and solve for x as a function of z. 
This results in two first-order coupled differential equa- 
tions for x(z), a = dx{z)/dz : 



dx{z) 

dz 
da(z) 

dz 



= a 



(5) 



dU 



2(E -U)\ dz 



(1 



dU 
dx 



Here, E represents the total energy of the incoming àtoms 
(the kinetic energy in the field-free region) and a gives 
the slope of the trajectory x(z). 
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FIG. 2. Numerically calculated trajectòries of àtoms for 
làser focusing by a single- (a) and double-layer (b) light 
masks. The parameters used are h/h = 1000, h/h = 
(a) and h/I s = 1000, h = h, S = 500 (b). All othcr 
parameters are the same as in Table I. The sòlid (dashed) 
curve in graph (c) shows the probability dcnsity of àtoms 
at the focal point z = Zf w 650 (700) of the double (sin- 
gle) light Iens. The region to the right of origin (x = 0) 
in graph (c) is zoomed and shown in the inset. 

We first study the focal properties of the light fields, 
and solve numerically Eq. (5) for an atòmic beam that 
is initially paral·lel to the z-axis. The linear focal points 
and principal-plane locations can be obtained by tracing 
paraxial trajectòries as discussed in [4]. Some typical re- 
sults are shown in Fig. 2, where we present the numerical 
calculation of a series of atòmic trajectòries entering the 
nodal region of both single (h 7^ 0, h = 0) and double 
(h,h 7^ 0) light masks. Table I lists the parameters 
used in dimcnsionlcss units, in which length is expressed 
in units of A, and frequency is in units uj r = hk 2 /2m 
corresponding to the recoil energy. We have considered 
the intensities of light SWs to be equal in the case of 
double light masks. For the other variables, the vàlues 
close to the experimental parameters of the chromium 
atom-deposition [20] are taken as an example, though 
the general conclusions to be drawn should apply to other 
àtoms. It is seen from Fig. 2, that a sharp focal spot ap- 
pears in the flux of focused àtoms [21]. Despite the small 
size of the focal spot, the overall localization of àtoms in 
the focal plane is not very marked. Atòmic background 
in the focal plane indeed gets reduced with double light 
masks as shown in the inset of Fig. 2(c), however this 
effect is not very pronounced. To take full advantagc 
from double-mask arrangement, we have to replace the 



concept of linear focusing (uscful for paraxial trajectò- 
ries only) by the notion of optimizcd nonlincar spatial 
squeezing. 

III. OPTIMAL SQUEEZING THEORY - 
APPLICATION TO ATOM 
NANOLITHOGRAPHY 

We have seen that the double light Iens leads to some 
improvement in feature contrast in the focal plane in 
comparison to the single light Iens. However, even for 
a single SW, the best squeezing of àtoms (maximal spa- 
tial compression) is achieved not at the focal plane, but 
after the linear focusing phenomenon takes place. To 
characterize the spatial localization of àtoms we use a 
convenient figure of mèrit, the localization factor [16]: 

L(z) = 1— < cos (2kx(z, x )) > 

= t / dx Q [1 - cos (2kx(z 1 x ))] , (6) 

A J-X/4 

where x(z, x a ) is the solution of the differential equations 
(5) satisfying the initial condition x — > xq at z — > — oo. 
The average in Eq. (6) is taken over the random initial 
positions of àtoms and the localization factor is measured 
as a function of distance z from the center (z — 0) of the 
first SW. The localization factor equals zero for an ide- 
ally localized atòmic ensemble, and is proportional to the 
mean-square variation of the x coordinate (modulo stand- 
ing wave period) in the case of well-localized distribution 
(L«l). 

Ref. [16] considered the squeezing process in the time- 
domain by analyzing the action of pulsed SWs on àtoms. 
In the Raman-Nath approximation, this corresponds to 
the thin-lens regime (in space domain) for interaction of 
a propagating atomic-beam with múltiple layers of light 
masks. According to the optimal squeezing strategy [16], 
the time sequence of pulses applied to the atòmic sys- 
tem is determined by minimizing the localization factor. 
To apply this procedurc to the atom squeezing by multi- 
layer light masks, we should minimize the localization 
factor (6) in the parameter space: the separations be- 
tween the light SWs, their intensities, and the relative 
distance of substrate surface with respect to the layers of 
light masks. This optimization can be done numerically 

TABLE I. Parameters in sealed units. Frequency is mea- 
sured in recoil units, and length in units of the optical 
wavelength. Energy is given in the units of recoil energy 

huj r . 



Parameter 


Numerical value 


Spontaneous emission rate 7 


238 


Detuning A 


9500 


1/e 2 radius of SW a z 


120 


Energy of the incoming àtoms E 


3 x 10 9 
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FIG. 3. Localization factor of the atòmic distribution 
for squeezing by a single- (dashed curve) and doublc- 
layer (sòlid curve) light masks. The parameters used are 
I 1 /I s = 1000, I 2 /I a = (dashed curve) and h/I s = 
1000, 1 2 = h, S = S m w 1000 (sòlid curve). All other pa- 
rameters are the same as in Table I. The minimal value of 
L(z) is 0.31 (0.42) and it occurs at z = z m w 1450 (1300) 
for the sòlid (dashed) curve. In the case of the double 
light mask, the point (z m , S m ) corresponds to the numer- 
ically found global minimum of the localization factor. 

using the established simplex-search method. Our mi- 
merical analysis shows that the localization factor ex- 
hibits múltiple local minima even for the simplest case 
of double light masks. In Fig. 3, we plot the localiza- 
tion factor as a function of distance z both for single and 
double light masks around its global minimum (z 
The intensities of SWs have been chosen to be equal and 
satisfy the thin-lens condition of atom-light interaction 
[22]. The graph shows that the localization factor gets a 
sizable reduction with double light masks indicating for 
an enhanced focusing of àtoms. The minimum vàlues of 
L(z) in Fig. 3 are in conformity with the vàlues obtained 
for optimal squeezing of àtoms with single and double 
pulses in the time-dcpendcnt problcm [16]. Wc cmpha- 
size that the best squeezing (localization) of àtoms does 
not occur at the focal point. Figure 4 displays the spa- 
tial distribution of àtoms at the point of best localization. 
Instead of a single focal peak, a two-peaked spatial dis- 
tribution of àtoms near the potential minima is observed 
in Fig. 4. The origin of thcse peaks can be related to 
the formation of rainbows in the wave òptics and quan- 
tum mechanics, and it is discussed in detail in [16,23]. 
Moreover, on comparing the inset of Figs. 2(c) and (4), 
it is seen that the optimized separation between layers of 
the double light mask results in a considerable reduction 
of atòmic deposition in the background. This also leads 
to an overall increased concentration of atòmic flux near 
the potential minima. 

We note, that according to [16,17], further squeezing of 
àtoms can be achieved by increasing the number of iden- 
tical SWs in the multi-layer light masks. For the best 
localization, again the optimized vàlues for the separa- 
tions between light masks should be used. 
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FIG. 4. Probability density of àtoms at the point of the 
best squeezing by a single- (dashed curve) and doublc- 
layer (sòlid curve) light masks. The parameters used 
are h/I s = 1000, h/I s = 0, z = z m w 1300 (dashed 
curve) and h/I s = 1000, h = h, S = S m w 1000, 
z = z m í=a 1450 (sòlid curve). All other parameters are 
the same as in Table I. The region to the right of origin 
(x = 0) is zoomed and shown in the inset. 

In the above analysis, we have considered the case 
of equal intensities for the light lenses and the prob- 
lcm has been studied in the thin-lens [24] regime of 
atom focusing by light masks. However, in many current 
atom-lithographic schemes, focusing of àtoms is generally 
achieved using an intense SW light. This corresponds to 
the thick-lens regime of atom-light interaction. In this 
limit, the focal point is within or close to the region of 
làser fields and hence a detailed information on atòmic 
motion within the light is required for a full description 
[4]. For the chromium àtoms deposition, the focusing of 
àtoms to the center of an intense SW has been exten- 
sively studied both theoretically [4] and experimcntally 
[6] . We show here that a combination of a thin and thick 
lenses can result in the enhanced localization of àtoms 
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FIG. 5. Minimal localization factor (maximal squeezing) 
of the atòmic distribution as a function of the relative 
intensity I r = h/I\ of standing light waves in a double 
light mask. The parameters used are same as in Table I 
with h/I a = 1500. 
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with minimal background structures. For illustration, we 
consider the focusing of àtoms by a doublet of light masks 
made of a thin and a thick Iens. We fix the intensity of 
the first SW light mask to satisfy the thin-lens limit and 
study the best localization of àtoms that can be achieved 
by varying the intensity of the second SW. A plot of the 
minimal value of the localization factor versus the rela- 
tive intensity of the second light mask is shown in Fig. 
5. The graph shows that the localization factor becomes 
almost insensitive to the variation in relative intensity 
after the intensity ratio reaches the value of 5, and it 
approaches a small value of L = 0.15. This result is to 
be compared with the value of L = 0.31 for the optimal 
squeezing by two thin lenses, and L = 0.42 achievable 
by a single thin Iens. Fig. 6 shows the corresponding 
trajectòries of àtoms and a plot of atòmic distribution at 
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FIG. 6. (a) Numerical trajectory calculation for làser 
focusing by a doublc light mask. The parameters used 
for the calculation are I\/I s = 1500, I2 = 25 Ji, and 
S = S m ~ 1500. All other parameters are the same as in 
Table I. (b) Probability density of the atòmic distribu- 
tion at the point (z mi S m ) of maximal squeezing by the 
doublc light mask. The parameters used are the same as 
those of (a) with z = z m ~ 1550. The point (z m ,S m ) 
is the numerically found global minimum of the function 
L(z) with respect to the variables (z, S). The dashed 
curve in graph (b) shows the atòmic distribution at the 
point z = z m of the best squeezing by a single thick light 
Iens with parameters I\/I s = 37500, lijls = 0, z m « 90. 
The region to the right of origin (x = 0) is zoomed and 
shown in the inset. 



the point of the best localization. Note that the opti- 
mized doublc light mask reduces the atòmic background 
by a factor of thrcc in the midpoint (x = 0.25) between 
two deposition peaks (see the inset of Fig. 6). Moreover, 
the background in the optimized double mask scheme is 
five times smaller compared to the usual atom deposition 
in the focal plane (graph not shown) of a single thick Iens. 



IV. PARAMETERS FOR OPTIMAL SQUEEZING 
OF A THERMAL ATÒMIC BEAM 

The effects that have been discussed so far assume an 
initially collimated (a = 0) beam of àtoms with fixed 
velocity (or energy). However, in atom òptics experi- 
ments involving thermal atòmic beams, the àtoms possess 
a wide range of velocities along the longitudinal (z-axis) 
and transverse (x-axis) directions. In order to character- 
ize the atom spatial squeezing under such conditions, we 
need to average the localization factor Eq. (6) over the 
random initial velocities and angles of the beam. The av- 
craging can be done by using the normalized probability 
density [4] 



P(v,a) = 



2V2tt a a v° 



5 v exp 



v 2 / a 2 



(7) 



where v is the root mean square speed of àtoms with 
average energy E = mv 2 /2. In the above equation, the 
term proportional to v 3 exp(— v 2 /2v 2 )dv represents the 
thermal flux probability of having a longitudinal velocity 
v along the z-direction. The probability of having a trans- 
verse velocity v x — av along the x-direction is propor- 
tional to the Gaussian distribution exp(— v 2 /2v 2 a 2 )dv x , 
where a a is the FWHM of the angular distribution. Us- 
ing the probability density (7), the averaged localization 
factor is thus given by 



L(z) = - / / P(v,a) 

A Jq=-oo Jv=0 Jx = -\/4 

x [1 — cos (2kx(z 7 x ))] dx dvda . (8) 

Here, x(z, x Q ) represents the solution of differcntial equa- 
tions (5) for varying initial conditions {x ,v,a) at z — > 
—00 of àtoms. Note that the solution of Eq. (5) depends 
on the initial conditions (v, a) through the energy term 
E = mv 2 (í + a 2 )/2 as well. 

Since the focal length of light masks depends on ve- 
locity of the incoming àtoms, the velocity spread in the 
atòmic beam leads to the broadening of the deposited 
feature size. In the particle òptics context of atom fo- 
cusing, this is referred to as chromatic aberration. In 
addition, the initial angular divergence (a ^ 0) of the 
atòmic beam degrades greatly the focusing of àtoms. We 
are interested in the extent to which the velocity and 
angular spreads degrade the optimal squeezing of àtoms. 
The best feature contrast in the presence of aberrations is 
again defined by minimizing the localization factor, Eq. 
(8). We have carried out the triple integration in Eq. (8) 



5 



1.0 r j 1.0 




200 600 1000 1400 °' 6 900 1800 2700 

z z 



6 [— i— i— i— i— i— i— i— i— i— p-i— i— i— i— i— i— i— i— i— r 




1 1 

-0.25 -0.15 -0.05 0.05 0.15 0.25 

X 

FIG. 7. Localization factor of the atòmic distribution 
for squeezing by a single- (a) and double-layer (b) light 
masks. The parameters used are É = 3 x 10 9 , a = 10~ 4 , 
h/I s = 1500, and (a) I 2 /I s = 0, (b) I 2 = h, S = S m « 
800. All other parameters used are the same as in Table 
I. The minimal value of L(z) is 0.67 [0.8] and it occurs at 
z = z m w 1350 [975] in the graph (b) [(a)]. The dashed 
and sòlid curves in graph (c) give the atòmic distribution 
at the point (z m , S m ) of best squeezing by the single- and 
double-layer light masks with the parameters of (a) and 

(b) . The region to the right of origin (x = 0) in graph 

(c) is zoomed and shown in the inset. 

numcrically and optimized the localization factor L(z) in 
the parameter space (z, S) for the case of the double-layer 
light masks. Figures 7 and 8 display atòmic distribution 
at the point of the best squeezing by thin-thin and thin- 
thick lenses configurations. On comparing the results 
with those ones for a single thin or thick Iens, it is seen 
that the thin-thick Iens combination provides the small- 
est feature size for the atom deposition. In the case of 
thin-thin lenses, the effects of chromatic aberrations are 
greater because of the strong dependence of focal length 
on the atòmic velocity. We note that, though the initial 
velocity and angular spread of thermal beam worsen the 
optimal squeezing of àtoms, the effects may become less 
important with increasing the number of layers in the 
multi-layer light masks. Further, chromatic aberrations 
can be greatly reduced by employing low-temperature 
supersònic beams of highly collimated àtoms. 



V. SUMMARY 

In this paper, we presented the particle-optics analysis 
for atom lithography using múltiple layers of SW light 
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FIG. 8. Localization factor of the atòmic distribution 
for squeezing by a single- (a) and double-layer (b) light 
masks. The parameters used are È = 3 x 10 9 , a D = 10~ 4 , 
and (a) h/I s = 37500, h/h = 0, (b) h/I s = 1500, 
h = 25/i, S = S m w 1200. All other parameters used 
are the same as in Table I. The minimal value of L(z) 
is 0.5 [0.66] and it occurs at z = z m sa 1350 [160] in the 
graph (b) [(a)]. The dashed and sòlid curves in graph 
(c) give the atòmic distribution at the point (z m , S m ) of 
best squeezing by the single- and double-layer light masks 
with the parameters of (a) and (b). The region to the 
right of origin (x = 0) in graph (c) is zoomed and shown 
in the inset. 

masks. In particular, we studied the spatial squeezing of 
àtoms by a double layer of standing light waves with par- 
ticular reference to minimizing the feature size of atom 
deposition. At first, linear focusing of àtoms using parax- 
ial approximation was considered. This showed an im- 
provement in feature contrast at the focal plane, but the 
effect was rather modest. We then applied the approach 
of optimal squeezing that was suggested recently for the 
enhanced localization of àtoms in a pulsed SW [16]. We 
showed that this approach works effectively for atòmic 
nanofabrication and can considerably reduce the back- 
ground in the atom deposition. Based on the optimal 
squeezing approach, a new figure of mèrit, the localiza- 
tion factor, was introduccd to characterize the atòmic 
localization. Both, thin-thin and thin-thick Iens regimes 
of atom focusing were considered for monoenergetic as 
well as thermal beams of àtoms. The parameters for the 
smallest feature size were found by minimizing the lo- 
calization factor. We have shown that using a proper 
choice of Iens parameters, it is possible to narrow consid- 
erably the atòmic spatial distribution using the double- 
layer light mask instead of the single-layer one. Finally, 
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we note that our model calculations neglect the efFects of 
atòmic rccoil due to spontaneous emission and the dipolc 
force fluctuations. Thcse efFects are generally beyond the 
scope of the classical particle òptics analysis and can be 
treated by mcans of a fully quantum approach. A de- 
tailcd quantum mechanical study of the optimal atòmic 
squeezing in application to nanofabrication will be pub- 
lished elsewhere. 
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